Background
Results
The A(H1N1)pdm09 subtype viruses remained closely related antigenically and genetically to the 2016 vaccine virus A/California/7/2009 and other widely distributed viruses belonging to genetic group 6B. The majority of influenza A(H3N2) viruses studied were antigenically similar to the 2016-2017 vaccine virus, A/Hong Kong/4801/2014, and their HA and NA gene sequences fell into genetic subclade 3C.2a being closely related to viruses circulating in southern Africa. The influenza B viruses were antigenically similar to the 2016 season vaccine virus and HA sequences of all three fell into the B/Yamagata-lineage, clade 3, but contained NA genes of the B/Victoria-lineage. All tested viruses were sensitive to oseltamivir and zanamivir. PLOS 
Introduction
Influenza viruses are considered a major public health problem worldwide due to their potential to cause pandemics and yearly epidemics with considerable morbidity and significant mortality, with more than 250,000 deaths per year occurring worldwide due to influenza epidemics [1] . The genome of these viruses consists of eight segments of negative-sense single-stranded Ribonucleic Acid (RNA) [2, 3] . The virus surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), have the highest evolutionary rates of all influenza proteins [2] [3] [4] . The amino acid substitutions which are accumulated in mutant viruses, enable the virus to evade the immune system [5] [6] [7] . This process of accumulation of amino acid substitutions can result in progressive antigenic changes in the surface glycoproteins known as antigenic drift [2] . In addition to point mutations, genetic reassortment also plays an important role in the evolution of newly emerging viruses [8, 9] . The effectiveness of annually administered influenza vaccines relies on the selection of appropriate viruses that elicit optimal immunity against a wide range of influenza viruses circulating worldwide at that time [10, 11] . Along with classical antigenic characterization, based on serological assays, sequencing of specific virus genes has become an integral surveillance tool that contributes to vaccine selection [12] . Permanent monitoring of the antigenic and genetic properties of locally circulating influenza viruses will help in directing local/regional vaccine needs and allow the monitoring of the (re)emergence of variant virus strains.
Limited data are available in sub-Saharan Africa and in regard to Mozambique, no data exist on antigenic, genetic profile of influenza virus. In this context, we conducted this study with the aim to assess the antigenic and genetic characteristics as well as susceptibility profile to antivirals of influenza viruses circulating in Mozambique. This study is part of the recently established Acute Respiratory Illnesses surveillance system in Mozambique [13, 14] .
Mozambique is situated in the southeast coast of Africa and has a tropical climate with two distinct seasons, the rainy season from November through April and the dry season for the rest of the year. Maputo city is the capital of Mozambique, with a total of 1.290.991 inhabitants.
During the 2015 season, the NIH received 1,140 nasopharyngeal and/or oropharyngeal swab specimens taken from inpatients with severe acute respiratory illness admitted at the two sentinel hospitals. The swabs were placed in 3 mL of virus transport medium and sent to the Virus Isolation Laboratory at the NIH on the same day of collection and were tested for influenza by OneStep real-time Reverse Transcriptase-Polymerase Chain Reaction (rtRT-PCR) using the Centers for Disease Control and Prevention (CDC, USA) influenza (typing and subtyping) protocol (S1 File). The positivity rate was 4.0% (46/1140).
For this study, 20 influenza (despite the type/subtype) positive specimens with cycle thresholds (Ct) below 30 were selected for antigenic and genetic analysis at the Worldwide Influenza Centre, Francis Crick Institute, United Kingdom, a World Health Organization (WHO) Collaborating Centre on Influenza (London WHO CC).
Of the 20 shipped specimens, 13 were positive for influenza A(H3N2), four for A(H1N1) pdm09 and three for type B viruses.
Isolation of influenza virus
Viruses were recovered and propagated following inoculation of A(H1N1)pdm09 and type Bpositive clinical specimens in conventional Madin-Darby canine kidney (MDCK) cells. A (H3N2)-positive specimens were inoculated in MDCK-SIAT1 cells (engineered to express increased levels of α-2,6-linked sialic acid receptors) [15] . Cells were maintained in Minimum Essential Medium with Earle's salts, non-essential amino acids and L-glutamine (Gibco no. 41-500-034) and Dulbecco's Modified Eagle's Medium (Gibco no. 12 800-01) respectively, both supplemented with 2% fetal bovine serum (Gibco, USA). The presence of virus in the cell-culture supernatant was confirmed by hemagglutination activity (HA) according to WHO standard methods using suspensions of either guinea pig erythrocytes (1% v/v) or turkey erythrocytes (0.75% v/v) [16] or a sialidase assay using MUNANA [17] .
Antigenic characterization of influenza virus
Antigenic characterization of influenza isolates was performed by hemagglutination inhibition (HI) assays, following WHO standard methods [16] . For influenza A(H1N1pdm09) and influenza B viruses, 0.75% (v/v) suspensions of turkey red blood cells (RBCs) was used. For influenza A(H3N2) viruses 1% (v/v) guinea pig RBCs in the presence of oseltamivir carboxylate was used [18] . Panels of post-infection ferret antisera against vaccine and references virus strains were used to assess the antigenic characteristics of Mozambican strains. Viruses were considered antigenically similar or "like" each other if their HI titers differ by two dilutions or less [equivalent to a two-well (i.e. a four-fold dilution) or less difference] [16] .
Assessment of susceptibility of NA to oseltamivir and zanamivir
Susceptibility of viral NA to oseltamivir (Roche Diagnostics GmbH, Mannheim, Germany) and zanamivir (GlaxoSmithKline, Uxbridge, UK) was assessed by fluorescent neuraminidase activity inhibition [17] . The NA activity was measured using the fluorescent substrate, 2'-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUNANA; Sigma, USA) and the inhibitor concentrations ranged from 0.03 nmol/L to 1,000 nmol/L. Briefly, a total volume of 45 μL containing 15 μL of the virus and 66 μM MUNANA in 21.66 mM MES buffer (pH 6.5) containing 2.66 mM CaCl 2 was incubated for 60 minutes at 37˚C, and the reaction was stopped by addition of 150 μL of 0.14 M NaOH in 83% ethanol. The fluorescence of the released 4-methylumbelliferone sodium salt was measured at excitation and emission wavelengths of 355/365 nm and 450/460 nm, respectively. The activity of each virus sample was titrated, by assaying serial two-fold dilutions. Virus suspensions were adjusted to equivalent NA activities, which fell into the linear portion of the activity curve and the viruses were preincubated for 30 min at 37˚C with oseltamivir or zanamivir at final concentrations of 5 μM to 0.05 pM, in serial ten-fold dilutions.
Genetic characterization and phylogenetic analysis of influenza virus HA and NA
For RT-PCR, virus RNA was extracted from 140 μL of infected cell culture supernatant or clinical sample using a QIAamp Viral RNA mini kit (QIAGEN), as described by the manufacturers. The extracted RNA was retro transcribed to complementary DNA (cDNA) using Invitrogen SuperScript III reverse transcriptase (Invitrogen) and subsequently amplified with Platinum Pfx DNA Polymerase (Thermo Life Sciences). Sanger dideoxy-sequencing was performed using a Big Dye Terminator Cycle sequencing kit (Applied Biosystems) and analysed on an ABI-3730XL DNA analyzer. Sequences were assembled and edited using the Staden software package and alignments were conducted in BioEdit. Phylogenetic analyses and comparisons with reference sequences were performed using RAxML, with the Annotator program used to indicate nodes defined by specific amino acid substitutions, and trees were drawn using FigTree version 1.4.3. The description and history of the biological effect of the identified amino acid substitutions (classical numbering) were adduced through the Global Initiative on Sharing All Influenza Data (GISAID)-associated link to FluSurver [19] . All sequences generated in the course of the present study were deposited in GISAID under the following identifiers EPI_ISL_ (197469, 197478, 200227, 200228, 201663, 201667, 201668 201669, 201670, 201671, 201673, 201675, 201676, 201677, 201678, 201683, 201732 201741, 201744) .
Results

General characteristics of participants
The 20 specimens that we selected in this study based on Ct value (Ct <30), represented 43.5% (20/46) of the total of influenza positive clinical specimens taken from hospitalized children with a severe acute respiratory illness who were enrolled into the influenza sentinel surveillance system at two hospitals during 2015 season. The general characteristics of the participants from whom these samples were taken are described in Table 1 . The median age of the 20 children was 2 (0-12) years old, and 50% (10/20) were female. Among the 17 children with clinical diagnosis at the admission, bronchopneumonia and shortness of breath were the most frequent, with 65% (11/17) and 24% (4/17), respectively. Among these children, cough was the most common symptom with 95% (19/20), followed by difficulty breathing and fever with frequencies of 65% (13/20) and 40% (8/20), respectively. Asthma was observed in 20% of the patients and was the only underlying medical condition. Of the 11 children whose outcome was recorded, only one deceased.
Virus isolation and identification of the influenza virus type and subtype
Of the 20 specimens sent to the Francis Crick Institute, influenza virus was successfully recovered from 19 specimens, yielding a recovery rate of 95.0% (19/20) . The only sample that was not recovered belonged to A(H3N2) subtype. All influenza B (n = 3) and A(H1N1)pdm09 (n = 4) viruses showed hemagglutination activity, but only five out of 12 (41.7%) recovered A (H3N2) viruses showed hemagglutination activity. However, all A(H3N2) viruses (n = 12) were confirmed by sialidase assay. (Table 2) .
Antigenic and genetic characterization of the viruses
Hemagglutinin phylogenetic analysis also showed that A(H1N1)pdm09 viruses were similar to viruses circulating globally and belonging to genetic sub-group 6B defined by amino acid substitutions D97N, S185T, S203T and K283E in HA1 and E374K, S451N and E499K in HA2 (characteristic of group 6) and additional HA1 amino acid substitutions K163Q and A256T (characteristic of sub-group 6B) (Fig 1) . The Mozambican isolates clearly clustered together in the phylogenetic tree and were defined by an unusual set of HA1 amino acid substitutions: S69P, T120A, K208R and E235D (S2 Table) .
A similar topology was observed when analysing the NA sequences which contained R257K and I288V amino acid substitutions, defining genetic sub-group 6B (S1 Fig).
Influenza A(H3N2) viruses
All A(H3N2) viruses (n = 12) were successfully propagated in MDCK-SIAT1 cells, but only five were able to agglutinate guinea pig RBCs in the presence of oseltamivir. As shown in Table 3 , all five Mozambican viruses were well recognised by antiserum raised against cell Hemagglutinin phylogenetic analysis showed that all 12 Mozambican influenza A(H3N2) strains, including those unable to be analysed by HI, clustered with viruses circulating globally in subclade 3C.2a (Fig 2) . This subclade includes the currently recommended vaccine virus A/ Hong Kong/4801/2014. The subclade is defined by amino acid substitutions N145S in HA1 and D489N in HA2 (clade 3C.2) and additional HA1 substitutions resulting in the loss (L3I, N144S) and gain (F159Y, K160T, N225D) potential N-linked glycosylation sites and Q311H. All Mozambican strains isolated between January and May grouped with South African strains isolated between May and July. This group was defined by amino acid substitution in HA1 Q197R.
A similar topology was observed when analysing the NA sequences ( S2 Fig) . Two Mozambican isolates showed HA1 T160K reversion and two other isolates carried HA1 S124R and HA2 V505I substitutions (Fig 2, S3 Table) . Interestingly, of the five strains that could be analysed antigenically by HI, four showed loss or partial loss of the 158-160 glycosylation motif due to HA1 T160K or T160I substitution or T160 polymorphism (T160).
Influenza B viruses
All three influenza B virus isolates from Mozambique were successfully propagated and showed HI activity (Fig 3) . However, these isolates carried NA genes of the B/Victoria-lineage also observed in other viruses from Africa (Ghana, Senegal, South Africa and Zambia) with which they formed a group in the phylogenetic tree characterized by HA1 M251V amino acid substitution. Mozambique isolates formed a distinct subgroup with South African isolates carrying additional amino acid substitutions in HA1 (I125L and D232N) and HA2 (N504D) (S4 Table) .
Antiviral susceptibility
Phenotypic analysis to assess virus susceptibility to oseltamivir and zanamivir (antivirals) was performed on all 19 test viruses that showed NA sialidase activity. All test viruses showed normal inhibition by both NA inhibitors (S1 Table) . 
Discussion
Monitoring of the genetic and antigenic profile of influenza viruses is crucial for tracking the mutations that may affect the virulence, antigenicity, antiviral susceptibility and other phenotypic traits in order to guide an effective national and global influenza prevention and control strategies. This also serves as a global alert mechanism for the emergence of influenza viruses with pandemic potential [16, 20] . In this study, we report results of virologic and drug susceptibility surveillance of representative influenza A(H1N1)pdm09, A(H3N2) and B viruses in Mozambique for the first time. This data contributes to the limited evidence available on this matter in sub-Saharan Africa.
The four Mozambican influenza A(H1N1)pdm09 strains tested were antigenically very similar to A/California/7/2009 and fell into genetic group 6B that had been in widespread circulation between 2013 and 2016 when sub-group 6B.1 viruses became predominant around the world [21] [22] [23] . When compared to the reference sequence (A/California/7/2009 virus), a number of nucleotides substitutions was detected in the Mozambican A(H1N1)pdm09 strains HA sequences. As adduced from Fluserver [19] , of the substitutions detected in the Mozambican HA sequences, P83S, D97N, K163Q, S185T, S203T are known to be the most frequent and globally distributed (detected in more than 18% of the global HA sequences in more than 24 countries) while the substitutions S69P, T120A, K208R and E235D are known to be the less frequently distributed globally (detected in less than 1% of global HA sequences). Of note, all the substitutions observed in the Mozambican HA sequences were also observed in the 2015 South African HA sequences used in this study. No biological effect of the detected substitutions was elucidated or described in the literature. However, the substitutions P83S, S185T and S203T have been observed since the 2009/2010 and were considered variant markers of the influenza A(H1N1)pdm09 viruses during the 2009 pandemic [24, 25] . Of note, none of the HA substitutions known to affect antigenic characteristics and/or disease severity (D222E, S185N, Q293H in HA1, N154I and I277V in HA2) [26] were observed in this study. In addition, more than 10 amino acid substitutions in NA sequences were observed in Mozambican isolates (S1 Fig) . However, the sensitivity of these isolates to oseltamivir and zanamivir was not affected.
As previously reported, more than half of the Mozambican influenza A(H3N2) isolates failed to agglutinate all RBCs. This loss of the ability to agglutinate RBCs and poor replicative capacity in MDCK cells have been reported worldwide as a result of low binding affinities of the viral HA molecules to their receptors [22, 23, 27] . Substitutions at positions 159 and 225 observed in Mozambican HA sequences may have affected receptor-binding of viruses because these mutations have been associated with a decreased receptor-binding [27, 28] . To overcome the difficulties in the antigenic characterization of A(H3N2) viruses by HI assay, NA-mediated agglutination, HA and HI assays were performed using guinea pig RBCs in the presence of 20 nM oseltamivir [29] .
All Hong Kong/4801/2014, which recognized less than half of Mozambican A(H3N2) isolates and only 53% of viruses from a range of countries [22] . The observed reduced recognition of Mozambican and world isolates by antiserum raised against vaccine strain may be related to egg-adaptive changes known to affect virus antigenicity [32] [33] [34] [35] .
The genetic clade 3 virus, B/Hong Kong/3417/2014, would be the best choice as a vaccine component for Mozambique, as the antiserum raised against it recognised well all the three Mozambican isolates than the antisera raised against another genetic clade 3 strain B/Phuket/ 3073/2013 that was recommended vaccine component for 2016 and 2017 Southern Hemisphere influenza season and 2016/2017 Northern Hemisphere influenza season [21, 31] that poorly recognised one of the three Mozambican viruses. However, antigenic analysis of global influenza B viruses isolates showed that antiserum raised against the egg-propagated vaccine virus B/Phuket/3073/2013, recognised 100% of test viruses collected after 2015-08-31 at titres within 4-fold of the titre with the homologous virus [22] .
Genetic analysis supported the antigenic analysis since all Mozambican isolates fell into the B/ Phuket/3073/2013 clade. Interestingly, Mozambican HA sequences formed a sub-cluster with other African isolates carrying the HA1 M251V amino acid substitution. This sub-cluster also contained NA genes from the influenza B/Victoria-lineage. According to WHO CC London reports, reassortant viruses were sporadically seen in various parts of the world [22, 23] , but no literature was found describing the origin of those reassortant viruses. However, the continuous co-circulation of influenza B lineages was not observed during 2013 and 2014 seasons in South Africa [36] . Additionally, Mozambican isolates were more closely related to isolates from South Africa isolated in the same month as the Mozambican. That subcluster formed by Mozambique and South Africa carried additional substitutions (I125L and D232N in HA1 and N504D in HA2). These substitutions, with the exception of I125L, have been observed across many countries and have no known marked biological effect. However, as adduced from FluServer, they have been associated with HA oligomerization interfaces, host cell receptor-binding and antibody recognition sites [19] . An unusual substitution (T37A) in HA1 was observed in only one Mozambican isolate. Analysis performed from FluServer (GISAID database) revealed that this substitution has been rarely reported since December 2013 [19] and again, no marked biological effect had been described.
All isolates examined were more closely related to viruses circulating in the Southern African Region, regardless of transmission zones defined by WHO as geographical groups of countries, areas or territories with similar influenza transmission patterns [37] . This suggests an ecological niche of influenza virus within the region and thus, corroborate with the recently defined vaccination zones by WHO [38] .
We would like to acknowledge few limitations of this study such as the small number of influenza virus isolates and the incomplete clinical and demographic data records; It has somehow limited the analysis of clinical outcomes with genetic characteristics.
Conclusion
Overall, all Mozambican isolates, both influenza A and B subtypes showed high antigenic and genetic similarity to African isolates and those recommended for season vaccines. Additionally, findings from this study highlight the importance and the need of permanent: (i) sharing influenza-positive samples, (ii) performing regular virologic and epidemiological surveillance and (iii) performing antigenic and genetic evolution analysis of influenza viruses at country and regional levels. Outcomes from such actions will contribute to the design of effective control measures in the region, including the use of effective vaccines. Further studies should be conducted to evaluate the circulation and evolutionary patterns of the virus within the Southern Africa region. 
